organic semiconductors have been developed to absorb light into the near infrared region. [8] The gain in spectral coverage and short-circuit current density (J SC ) in the cells is, however, counteracted by an unavoidable loss in the open-circuit voltage (V OC ) when the bandgap decreases. [9] Given the intrinsic limits of singlejunction organic solar cells, there has been an increasing interest to develop multijunction architectures. [10] This paves the way to efficient solar cells by an improved utilization of photon energy. In a multijunction solar cell sunlight is spectrally distributed over two, or more subcells such that highenergy photons are absorbed in a wide bandgap subcell and low-energy photons in a small bandgap subcell. This reduces the thermalization losses for high-energy photons and the transmission losses for the low-energy photons. Most studies have focused on the tandem architecture, in which identical or different absorber layers are used, resulting in maximum efficiencies in the range of 10-13%. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] At least conceptually, stacking three absorber layers in a triple-junction solar cell can lead to a further increase in efficiency. There are few examples of triple-junction organic solar cells. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] The gain in efficiency achieved by these triple-junction devices was not always accompanied by a critical analysis of the measured performance. In a recent publication, Timmreck et al. methodically analyzed the literature on tandem organic solar cells, shedding light on the fact that the vast majority of the publications on organic tandem cells lacked a proper characterization. [42] Although the paper focused attention on the tandem structure, the argumentations provided can reasonably be extended to the case of triple-junctions. At present, the characterization of organic triple-junctions is often limited to measuring the J−V characteristics under simulated solar radiation and determining the external quantum efficiency (EQE) using different light sources to optically bias the subcells. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] Nevertheless, organic materials commonly employed for solar cells feature peculiar characteristics that necessitate special attention for their EQE measurement. [42] [43] [44] An accurate analysis of the effect of bias light and bias voltage on the EQE of triple-junction organic solar cells is necessary.
DOI: 10.1002/aenm.201701664
organic semiconductors have been developed to absorb light into the near infrared region. [8] The gain in spectral coverage and short-circuit current density (J SC ) in the cells is, however, counteracted by an unavoidable loss in the open-circuit voltage (V OC ) when the bandgap decreases. [9] Given the intrinsic limits of singlejunction organic solar cells, there has been an increasing interest to develop multijunction architectures. [10] This paves the way to efficient solar cells by an improved utilization of photon energy. In a multijunction solar cell sunlight is spectrally distributed over two, or more subcells such that highenergy photons are absorbed in a wide bandgap subcell and low-energy photons in a small bandgap subcell. This reduces the thermalization losses for high-energy photons and the transmission losses for the low-energy photons. Most studies have focused on the tandem architecture, in which identical or different absorber layers are used, resulting in maximum efficiencies in the range of 10-13%. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] At least conceptually, stacking three absorber layers in a triple-junction solar cell can lead to a further increase in efficiency. There are few examples of triple-junction organic solar cells. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] The gain in efficiency achieved by these triple-junction devices was not always accompanied by a critical analysis of the measured performance. In a recent publication, Timmreck et al. methodically analyzed the literature on tandem organic solar cells, shedding light on the fact that the vast majority of the publications on organic tandem cells lacked a proper characterization. [42] Although the paper focused attention on the tandem structure, the argumentations provided can reasonably be extended to the case of triple-junctions. At present, the characterization of organic triple-junctions is often limited to measuring the J−V characteristics under simulated solar radiation and determining the external quantum efficiency (EQE) using different light sources to optically bias the subcells. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] Nevertheless, organic materials commonly employed for solar cells feature peculiar characteristics that necessitate special attention for their EQE measurement. [42] [43] [44] An accurate analysis of the effect of bias light and bias voltage on the EQE of triple-junction organic solar cells is necessary.
Detailed protocols for the characterization of triple-junction solar cells are available in the literature. [45] For many inorganic triple-junction solar cells the effect of bias voltage on the spectral response is very small, which makes correction for bias voltage not critical. [45] The aim of this work is to provide a characterization protocol for organic triple-junction solar cells that take into account the uniqueness of these particular materials. In order to do so, we combine optical and electrical modeling, use Triple-junction device architectures represent a promising strategy to highly efficient organic solar cells. Accurate characterization of such devices is challenging, especially with respect to determining the external quantum efficiency (EQE) of the individual subcells. The specific light bias conditions that are commonly used to determine the EQE of a subcell of interest cause an excess of charge generation in the two other subcells. This results in the build-up of an electric field over the subcell of interest, which enhances current generation and leads to an overestimation of the EQE. A new protocol, involving optical modeling, is developed to correctly measure the EQE of triple-junction organic solar cells. Apart from correcting for the build-up electric field, the effect of light intensity is considered with the help of representative single-junction cells. The short-circuit current density (J SC ) determined from integration of the EQE with the AM1.5G solar spectrum differs by up to 10% between corrected and uncorrected protocols. The results are validated by comparing the EQE experimentally measured to the EQE calculated via optical-electronic modeling, obtaining an excellent agreement.
Introduction
Organic solar cells have attracted considerable interest as a route to lower the cost of solar energy with earth-abundant materials [1, 2] and for their promise to combine high efficiencies with attractive features, such as lightweight, color tunability, semitransparency, and being bendable, flexible, or stretchable. [3] [4] [5] [6] [7] The working principle relies on the photoinduced electron transfer between electron-donating and electron-accepting organic semiconductors, either polymers or small molecules. The optical bandgaps of the organic semiconductors determine the spectral range of absorbed photons. Small bandgap
Results and Discussion

The Design of the Triple-Junction Cell
Three photoactive polymers with different optical bandgaps were selected for the triple-junction device. Poly[5,5′-bis(2-butyloctyl)-(2,2′-bithiophene)-4,4′-dicarboxylate-alt-5,5′-2,2′-bithiophene] (PDCBT) is a wide bandgap polymer (1.90 eV) that was first presented by Zhang et al. as a polythiophene derivative with photovoltaic properties superior to those of poly[3-hexylthiophene] (P3HT). [46] This material was blended with [6, 6] -phenyl-C 61 -butyric acid methyl ester (PC 60 BM) as acceptor to form the active layer of the front subcell. For the middle subcell, we used poly [4,8- [3,4-b] thiophene-2-carboxylate] (PTB7-Th) with a medium bandgap (1.58 eV). PTB7-Th performs remarkably well in single-, [47] double-, [12] and triplejunction [32] solar cells. PTB7-Th was blended with [6, 6] -phenyl-C 71 -butyric acid methyl ester (PC 70 BM) to improve the current generation for the middle subcell. For the back subcell we used poly[ [2,5- 
. This polymer absorbs light up to 960 nm (1.30 eV) and was previously successfully used in tandem and triple-junction solar cells with estimated efficiencies up to 9.6%. [23] PMDPP3T was blended with PC 60 BM, to minimize absorption of high-energy photons in the back cell. The complete stack is shown in Figure 1 .
The triple-junction cell was constructed in an inverted device geometry on a glass substrate with patterned indium tin oxide (ITO) and a bottom electron-collecting contact consisting of solgel ZnO (40 nm) and a top hole-collecting contact made from MoO x (10 nm) covered with Ag (100 nm). For the recombination of holes and electrons between two adjacent subcells, we used an interconnecting layer, consisting of a stack of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, 45 nm) and ZnO nanoparticles (20 nm). The thickness of each photoactive layer was optimized by optical modeling based on the transfer matrix (TM) method, combined with an empirical electrical modeling, as described elsewhere. [48] The input for this optimization is the experimentally determined wavelengthdependent refractive index (n) and extinction coefficient (k), the internal quantum efficiency (IQE) of each photoactive layer as function of layer thickness, and the normalized shape of the current density voltage (J−V) characteristics of the three photoactive layers, also as function of thickness. [47] The relevant data are collected in Tables S1-S3; and Figure S1 (Supporting Information). In the optimization, we kept the interconnecting layer thickness constant and varied the thickness of the photoactive layers to find the optimum thickness combination in terms of power conversion efficiency (PCE) (Figure 2 ): front cell 130 nm, middle cell 140 nm, and back cell 90 nm.
Measuring the Performance under Simulated AM1.5G Light
The J−V characteristic of a solar cell is generally measured under simulated AM1.5G light. For this purpose, we used filtered light from a tungsten-halogen lamp as described in the Experimental Section. To calibrate the illumination, we used representative single-junction cells for each photoactive layer in the triplejunction cell. These single-junction cells used the same electron and hole transporting materials as present in the triple-junction solar cell (Figure 3 ) and they were fabricated using identical processing conditions. We also checked if the layers adjacent to these charge-transport layers have an effect. We found that the V OC and fill factor (FF) of the middle cell differ when the bottom contact is either ITO/ZnO or ITO/PEDOT:PSS/ZnO, while such difference does not occur for the back cell (see Figure S2 , Supporting Information). To exclude this effect, we used the layouts of the representative single-junction cells as shown in Figure 3 . The voltage supplied to the lamp could be tuned to change the color of the emission spectrum and the distance between lamp and cell was varied to tune the intensity of the light. These parameters were adjusted to provide the best possible correspondence between the J SC determined from the J−V characteristics and the J SC EQE , determined from integrating the EQE with the tabulated AM1.5G spectrum for three single-junction cells simultaneously. In the ideal case, J SC and J SC EQE are identical for each of the three subcells. This would provide a perfect match of the spectral irradiance of the light source used with the AM1.5G spectrum. In practice this ideal scenario is not achieved, because the simulated and official AM1.5G spectrum differs.
As will be shown below, the middle subcell is crucial because it is the current-limiting subcell of the triple-junction device. Therefore, it is important to match the current-limiting subcell to the AM1.5G spectrum as best as possible, even if this results in a small offset on the match of the other subcells with the AM1.5G spectrum. Consequently, we used a lamp setting in which the current limiting middle cell of the triple-junction provides a close correspondence between J SC and J SC EQE , while the front and back cells are slightly underestimated ( Table 1) .
EQE of the Triple-Junction Using Bias Light
The EQE of the triple-junction solar cells was first measured using only the low intensity monochromatic probe light without any additional bias illumination. For a properly working multijunction solar cell, the EQE under this condition should follow the lower envelope of the EQE of all the subcells. The presence of a low shunt resistance in one or more subcells would result in a higher EQE. [49] The EQE of the triple measured without bias light is shown in Figure 4 with black dots, and nicely follows the lower envelope of the EQE of the subcells.
The EQE of each of the three individual subcells was measured while simultaneously illuminating the other two subcells with high intensity monochromatic bias light to ensure that the subcell of interest is current limiting in the entire spectral range. We used three light-emitting diodes (LEDs) with emissions centered at 530, 730, and 940 nm. These wavelengths represent a good set to illuminate selectively one or two subcells, but not all of them at the same time. The intensity of the emission of each of these light sources could be tuned by controlling the driving current and the resulting power was measured with a calibrated silicon solar cell. The LEDs were used standalone or combined to reach the desired bias light conditions. We used optical modeling to predict which subcells are biased with specific LED settings. While for tandem cells this might not be necessary, we found that for triple-junction cells it is more difficult to predict the effect of (combinations of) monochromatic bias light without optical modeling. This step differentiates this work from the procedure for analyzing tandem cells. [43] The emission spectrum of the LEDs was scaled by the intensity determined using a calibrated silicon reference cell and the data were used as input for the modeling. Table 2 shows the maximum current generation (J SC max ) of each subcell when the triple-junction device is illuminated with specific settings of the LEDs. These currents were then scaled by the IQE of each subcell to estimate the actual current generated (J SC IQE ). These IQEs were determined using representative single-junction cells as the ratio between J SC EQE and the corresponding maximum J SC based on the number of absorbed photons evaluated by optical modeling.
As can be seen in Table 2 , with the three selected settings it is possible to turn each of the subcells current limiting. The solid symbols in Figure 4 represent the EQEs of the front, middle, and back subcells measured using the specified sets of light bias.
Corrections to the EQE Measurement
There are, however, important corrections to take into account when measuring the EQE. The first is the effect of (combinations of) monochromatic bias light on the internal electric field over the three subcells. This has been addressed in detail by Gilot et al. for organic tandem solar cells, and the reasoning for triple-junction cells is analogous. [43] The critical issue is that bias light causes a large difference in charge generation between the subcells. Because the current is limited by the subcell of which the EQE is being probed and the total triplejunction cell is held at short circuit, each of the three subcells will be at a different bias such that
In general, the illumination conditions will be such that the two light-biased subcells will be under forward bias (V > 0), while the cell of interest is under reverse bias (V < 0). The latter condition increases the measured photocurrent and hence results in an overestimated EQE.
To assess the effect of bias light, we measured the J−V characteristics of the three representative single-junction cells under the same light intensity as the corresponding subcell would experience inside the light-biased triple-junction solar cell. Via optical modeling we already established the expected short-circuit currents in each subcell under the three different bias illumination conditions (J SC IQE in Table 2 ). Figure 5 shows the measured J−V characteristics of the representative singlejunction cells, where the illumination intensity was adjusted to give J SC = J SC IQE (Table 2 ). Figure 5 shows how we could estimate the reverse bias experienced by the subcell of which the EQE is measured. To perform a correct EQE measurement, we had to apply a compensating forward bias to the triple-junction cell. Figure 5 shows that the corrections were 1.36 V for the front subcell, 1.40 V for the middle cell, and 1.51 V for measuring the back cell. We note that, at least in first approximation, the bias voltage correction is close to the sum of the V OC 's of the optically biased subcells. The resulting EQE under appropriate light and voltage bias are shown in Figure 3 (open markers).
As a final remark, we note that applying a voltage bias is particularly important for subcells that have a lower fill factor. In an optimized triple-junction the middle cell is typically thicker than the other subcells because it competes with the front and back cells for absorbing photons. Thicker cells, result in lower fill factors, and hence the correction is most relevant for the current limiting, middle cell.
The second correction to consider is the nonlinearity of the current generation by the organic solar cells with increasing light intensity. [44] To estimate the effect, we measured each representative single-junction cell and evaluated the average ratio of the EQE measured with and without bias light to give the current expected for 100 mW cm −2 AM1.5G illumination. We note that this overestimates the correction because the subcells of the triple-junction effectively receive less light than 100 mW cm −2 AM1.5G and the bias light used for measuring the triple cell can be substantial, even for the current limiting cell ( Table 2 ). The average light intensity correction factors (f) for the represenative single-junction front, middle, and back cells are 0.996, 0.962, and 0.984, respectively (Table S5 , Supporting Information), showing that the effects are small. Table 3 summarizes the results of the applied corrections and reveals that the J SC 's of the front, middle, and back subcells is reduced by 3%, 10%, and 5%, respectively. The most important correction is the voltage bias, which is the strongest for the middle subcell. The reason is related to the low FF of 0.52 of the middle cell, which causes a significant bias-dependent photo current. The light intensity correction has a small effect for all subcells. We now reconsider the white light illumination conditions used for measuring the J−V characteristics (Table 1) . Because the middle subcell is limiting the current of the triple-junction cell, the illumination conditions should assure that for the corresponding single-junction cell the J SC is close to J SC EQE . At the same time, the J SC 's of the front and back cells should not be overestimated because this would increase the photocurrent. Hence, by matching J SC to J SC EQE for the representative middle-junction cell, and having J SC < J SC EQE for the front and back cells (conditions chosen in Table 1 ), we assure an illumination close to 100 mW cm −2 AM1.5G. The resulting PCE is 9.77 ± 0.29% when averaged over 15 devices.
Reconstructing the J−V-Curve
Using the EQE data of the triple-junction solar cell and the J−V characteristics of the representative single-junction solar cells it is possible to construct the expected J−V curve of the triple solar cell. The reconstruction is performed by scaling the current under illumination for each of the three representative single-junction solar cells, such that the J SC matches the J SC EQE (Table 3 ) and then adding the voltages of the three cells for each current value. When using the J SC EQE determined without applying the voltage bias (first line Table 3 ), the reconstructed J−V curve of the triple-junction (Construction 1) grossly overestimates the experimental performance (Figure 6 ), but with the appropriate corrections (last line in Table 3 ) there is a very good correspondence (Construction 2), although small deviations can be seen at open circuit, short circuit, and in the maximum power point ( Figure 6 and Table 4 ). The overestimation of the V OC by 50 mV is mainly the result of the fact that the light intensity in each of the subcells is less than 100 mW cm −2 AM1.5G. This effect can be estimated from ΔV OC = (kT/q)ln[J SC (triple)/J SC (single)], where J SC (triple) and J SC (single) are the J SC of the triple and single-junction solar cells as given in Table 1 . Summing the values for the three subcells results in a combined loss of 45 mV, in fair agreement with the 50 mV difference found experimentally.
The deviations at short-circuit and in the maximum power point are caused by the fact that the reconstruction does not take into account the increase of FF at lower light intensity in each subcell. To assess the magnitude of this effect, we recorded J−V characteristics of the representative single-junction for the middle subcell, which is current limiting and has a low FF, under the reduced light intensity that is expected in the triplejunction cell ( Figure S3 , Supporting Information). At reduced light intensity, the FF of the single-junction increases from 0.52 to 0.58 and for the reconstructed triple-junction the FF goes from 0.63 to 0.65 (Construction 3 in Figure 6 and Table 4 The average and standard deviation are over 15 devices for the J−V measurement and over 4 devices for the EQE measurements. Table S4 (Supporting Information) shows that the direction of the voltage scan had no effect on the results; Another important check is to compare the EQE of the subcells to the one predicted by optical modeling. Figure 7 compares the experimental EQE with the absorption efficiency, determined from the TM modeling, multiplied with the IQE determined for the corresponding representative single-junction cells. We consider the agreement to be excellent, both in spectral shape as well as in absolute intensity. The exceptional correspondence validates all the steps taken in the characterization.
Conclusions
We developed a characterization protocol to characterize triplejunction organic solar cells and measure the EQE of the individual subcells accurately. By using (combinations of) three monochromatic high-power LEDs, we sequentially optically biased two of the three subcells of a polymer triple-junction solar cell to ensure that the spectral response corresponds to the particular subcell of interest. We demonstrated that the optical bias must be combined with an appropriate voltage bias over the triple-junction in order not to overestimate the performance. Using the modeled currents as input for the voltage bias correction is significantly different from the approach we Light bias as in Table 2 , proposed for the tandem characterization. [43] Without this step it is impossible to characterize the triple-junction cell properly. The required bias voltage can be accurately determined from the J−V characteristics of representative single-junction cells, [42, 43] and lies generally within −0.1 V from the sum of the V OC 's of the optically biased subcells. A second adjustment accounts for the nonlinearity of the photocurrent with light intensity. By combining these two corrections, the J SC EQE integrated from the EQE and the AM1.5G solar spectrum reduced by as much as 3%, 10%, and 5% for the front, middle, and back subcells, respectively. The J−V curve constructed using the J SC EQE from the only-light-biased measurement lead to an overestimation of the PCE by 8% with respect to the construction in which all corrections were used. The reconstructed PCE = 9.96% differed by 0.07% point from the experimental PCE = 10.03%. Likewise, the experimental EQE of the subcells in the triplejunction cell and the EQE estimated from optical TM modeling and IQE of the single-junction cells, show excellent agreement. The EQE analyses also give credence to our adjustment procedure of the white light illumination to match the AM1.5G spectrum for this triple-junction cell. By adjusting the light source to match the EQE-integrated J SC of each individual absorber in the multijunction, we found optimal conditions in which the illumination approaches the AM1.5G response. Measuring the PCE under these conditions gave a PCE = 9.77 ± 0.29%. The procedure provides internally consistent results and represents a reliable method to characterize triple-junction polymer solar cells.
We note that the magnitudes of the voltage and light intensity correction will generally depend on the nature of the photoactive layers in the subcells of the triple-junction cell and on the intensity and spectrum of the adopted bias illumination. With respect to the solar simulator used for recording the J−V characteristics, a close match with the AM1.5G spectrum must be established. [42] In this work, this was achieved by adjusting the spectral radiance to match the correct AM1.5G short-circuit current density of the three representative single-junction cells with the same illumination conditions.
We realize that characterizing triple-junction organic solar cells via this protocol requires considerable additional effort, but stress that without proper and critical analysis a considerable overestimation of the PCE is almost inevitable.
Experimental Section
Materials: Prepatterned ITO (150 nm) on glass substrates were purchased from Naranjo Substrates. Molybdenum trioxide powder (99.97%) was purchased from Sigma-Aldrich. The ZnO layers were made via a sol-gel route or by spin-coating a suspension of preformed nanoparticles (provided by the Energy Research Centre of the Netherlands, ECN). The former consisted of a solution 0.5 m Zn(CH 3 COO) 2 ·2H 2 O (98%, Acros Organics) and 0.5 m ethanolamine in 2-methoxyethanol. [50] The suspension of PEDOT:PSS (Clevios P, VP Al 4083) was filtered with a 0.45 μm PVDF filter and diluted in 1-propanol 1:2 (v/v) right before use, hereafter referred to as D-PEDOT. For the preparation of D-PEDOT, 1-propanol (1 mL) was added dropwise to the commercial PEDOT:PSS dispersion in water (0.5 mL) over 15 min under vigorous stirring. No further additives were used. Poly[5,5′-bis(2-butyloctyl)-(2,2′-bithiophene)-4,4′-dicarboxylate-alt-5,5′-2,2′-bithiophene] (PDCBT) was synthesized according to the procedure reported in literature and blended with PC 60 BM with a 1:1 weight ratio. [45] The two components were dissolved in chloroform containing 1 vol% of o-dichlorobenzene at a concentration of 10 mg mL −1 of polymer.
Poly [4,8- (PMDPP3T) was synthesized following the reported procedure. [23] PMDPP3T was blended with PC 60 BM (1:3 weight ratio) and dissolved in a solution of chloroform, containing 7 vol% o-dichlorobenzene. The concentration of polymer was 3 mg mL −1 .
Device Fabrication: The patterned ITO substrates were cleaned by sonication in acetone, followed by a solution of sodium dodecyl sulfate in water. They were then rinsed in water and sonicated in isopropanol, before being treated under a UV/Ozone lamp to complete the cleaning. In the following paragraphs, the processing of all the layers made from solution is described. Wherever mentioned, the sol-gel ZnO was cast directly on clean ITO substrates by spin-coating in ambient air and annealed at 150 °C for 5 min on a hotplate. The D-PEDOT solution was always processed by dynamic spin-coating (90 μL per sample) in a nitrogen-filled glove box for improved wetting to form a 45 nm thick layer. The layer was kept in the vacuum of the antechamber for 30 min right after spin-coating to remove residual solvents and no further treatment was performed. The ZnO nanoparticle dispersion was dynamically spincoated (70 μL per sample) in ambient air to give a 20 nm thick layer, without any post-treatment. The last step in the fabrication of each of these devices was the evaporation of the top contact. In all cases, this was accomplished by evaporating MoO X (10 nm), followed by Ag (100 nm) in a vacuum chamber at ≈6 × 10 −7 mbar, through a shadow mask. On each substrate, the intersection of the ITO pattern with the evaporated top contact formed two squares of 9 mm 2 area and two squares of 16 mm 2 area. The thickness of each layer was measured using a Veeco Dektak profilometer.
PDCBT:PC 60 BM Single-Junction Cells: The clean ITO substrates were covered with ZnO from the sol-gel route. Subsequently, the solution of PDCBT:PC 60 BM was spin-coated in an N 2 -filled glove box to form a layer with a thickness of 130 nm. The substrates were then annealed in the glove box for 5 min at 100 °C. After this step, the D-PEDOT solution was spin-coated and the samples annealed again at 105 °C for 5 min.
PTB7-Th:PC 70 BM Single-Junction Cells: D-PEDOT was processed directly on clean ITO substrates and annealed at 105 °C for 5 min in glove box. Then the ZnO nanoparticles were deposited as previously described, followed by the casting of the PTB7-Th:PC 70 glove box to form a 140 nm thick layer. The substrates were then kept in vacuum in the antechamber of the glove box for 2 h. Subsequently, another D-PEDOT layer was deposited.
PMDPP3T Single-Junction Cells: Sol-gel ZnO was processed on the clean ITO substrate. Afterward, the solution of PMDPP3T:PC 60 BM was spin-coated in ambient air to obtain a layer of 90 nm in thickness.
Triple-Junction Solar Cells: Sol-gel ZnO was spin-coated on clean ITO substrates. A layer of 130 nm of PDCBT:PC 60 BM was processed on top in a glovebox and annealed at 100 °C for 5 min. Subsequently, the first layer of D-PEDOT was spin-coated and annealed in a glovebox, at 105 °C for 10 min. To finish the first ICL, ZnO nanoparticles were spincoated on D-PEDOT, followed by 140 nm of PTB7-Th:PC 70 BM. After this step, the samples were dried in vacuum for 2 h. For the second ICL, D-PEDOT was spin-coated again. Then, the ZnO nanoparticles layer was deposited, followed by 90 nm of PMDPP3T:PC 60 BM. The cell was completed by the thermal evaporation of MoO X (10 nm) and Ag (100 nm) at ≈6 × 10 −7 mbar.
Characterization: Both the measurement of the J−V curve and the EQE were performed under nitrogen atmosphere. The substrates were treated under a UV-lamp for 6 min before measuring, in order to photodope the ZnO and MoO X layers. Subsequently, the J−V characteristics were measured with a Keithley 2400 source meter from −2 to +2V (singlejunction cells) and from −2 to +2.6 V (triple-junction cells). 401 points per scan were acquired, each with 20 ms integration time. The lamp used for this measurement was a tungsten-halogen lamp which was filtered with a UV filter and a daylight filter (Hoya LB120), calibrated to match the current integrated from the EQE spectrum of each singlejunction cell, as shown in the text. The measurements were performed through an illumination mask with aperture sizes of 6.76 and 12.96 mm 2 , corresponding to the 9 and 16 mm 2 nominal device areas, respectively. This defined the active area of the devices.
The EQE measurement was performed in a home-made setup, consisting of a tungsten-halogen lamp, a chopper, a monochromator (Oriel, Cornerstone 130), a preamplifier (Stanford Research Systems SR570), and a lock-in amplifier (Stanford Research Systems SR830 DSP). The substrates were kept in an N 2 -filled box with a quartz window during the duration of the measurement. The device of interest on each substrate was aligned through a circular aperture with 2 mm of diameter, defining the active area. The signal response to the modulated light was transformed into an EQE value by comparison with the measurement on a calibrated silicon reference solar cell. The average standard deviation in measuring the wavelength-dependent EQE in this setup is less than 0.005 in electrons/photons for wavelengths in the range of 350-1050 nm. The 530, 730, and 940 nm bias lights were high power LEDs obtained from Thorlabs. The additional voltage bias was applied directly from the lock-in amplifier.
Optical Modeling: Optical modeling based on the TM method was performed using Setfos 3.2 (Fluxim). The wavelength dependent n and k values of each active layer were determined by transmission and reflection measurements using an integrating sphere attachment on a Perkin-Elmer Lambda 1050 spectrophotometer. The optimization based on IQE correction of the modeled current densities and the construction of the J−V characteristics was performed according to a procedure previously reported and extended for triple-junction cells. [47] The same tools were used to predict the current generation of each subcell in the triple-junction under the different light bias conditions. As described in the main text, this was done by measuring the power density of the light sources at a different driving current with the calibrated silicon reference cell of the EQE setup and scaling the power profile of each LED (provided by the manufacturer) by those values. The latter spectra were used as input for the TM calculation.
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